P lasmonic excitations of metallic nanostructures have attracted a great deal of attention in past decades, due to the rich variety of geometric configurations, the associated optical properties and phenomena, and the wide range of present and potential future applications. 1, 2 Propagating and localized plasmons have been utilized in the design of photonic structures to efficiently couple free-space propagating light onto highly confined surface modes, resulting in the enhancement of electromagnetic field intensities. Nonlinear optical effects benefit from plasmonic field enhancement, 3, 4 and plasmonics has the potential to be an enabling technology for quantum optics and all-optical information processing. 5, 6 It has been shown that plasmonic field enhancement allows the observation of Raman scattering from single molecules with low excitation powers down to microwatts. 7, 8 The lack of reliability resulting from the spatially non-uniform nature of plasmonic field enhancement can be a problem for applications requiring repeatability. In the case of surfaceenhanced Raman scattering (SERS), regions with high enhancement (so-called hot spots) are typically major contributors to the observed signal. Raman intensity enhancement is estimated through
Propagating and localized plasmons have been utilized in the design of photonic structures to efficiently couple free-space propagating light onto highly confined surface modes, resulting in the enhancement of electromagnetic field intensities. Nonlinear optical effects benefit from plasmonic field enhancement, 3, 4 and plasmonics has the potential to be an enabling technology for quantum optics and all-optical information processing. 5, 6 It has been shown that plasmonic field enhancement allows the observation of Raman scattering from single molecules with low excitation powers down to microwatts. 7, 8 The lack of reliability resulting from the spatially non-uniform nature of plasmonic field enhancement can be a problem for applications requiring repeatability. In the case of surfaceenhanced Raman scattering (SERS), regions with high enhancement (so-called hot spots) are typically major contributors to the observed signal. Raman intensity enhancement is estimated through I SERS = I 0 |E(ω exc )E(ω det )/E 0 (ω exc )E 0 (ω det )| 2 , where ω exc and ω det are the excitation and detection frequencies, and E and E 0 are the electric field intensities with and without the presence of plasmonic structures. Defining an enhancement factor, EF(ω) = |E(ω)/E 0 (ω)| 2 , overall Raman enhancement factor can be written as the product of excitation and detection factors, EF SERS = EF(ω exc )EF(ω det ). Spatial nonuniformity of the electric field directly translates into a spatial non-uniformity of EF SERS and can be an important disadvantage for repeatability. Hot spots are typically formed when two metal regions come close (within a few nanometers) to each other, and even periodic structures may display a wide distribution of enhancement factors. 9 In order to achieve high and spatially uniform field enhancement, engineered surfaces that exhibit plasmon modes at both the excitation and scattering wavelengths are needed. 10À13 Previously, metal nanoparticle clusters (bottom-up approach) and sparse structures or biharmonic gratings with double resonances (top-down approach) were used for this purpose. 14 Bottom-up approach substrates offer the advantage of simplicity and offer uniformity over large scales; on the other hand, the statistical nature of production processes, in principle, prevents completely hot-spot-free and uniform enhancement on a microscopic scale. Sparse arrays of multiply sized nanoantennas, or multiperiodic structures, may be designed to enhance fields at both excitation and scattering frequencies, however, exhibit spatially non-uniform spectral properties over the extent of a wavelength. In contrast, plasmonic meta-materials possess subwavelength periodicity. When fabricated using a top-down approach, they have the potential to offer spatially uniform, wide band coupling required for uniform Raman enhancement. In this article, we discuss the application of plasmonic meta-surfaces to SERS. We describe the resonances and field enhancements of a closely packed metalÀ insulatorÀmetal configuration, which we refer to as multiply coupled plasmonic meta-material (MCPM). Strong coupling of the modes is shown to be effective for a subset of geometric parameters. Despite the seemingly common and simple geometry, we show that, under strong coupling of various types of modes, a rich band structure can be engineered within a wide spectral range, allowing highly controllable field enhancement at excitation and scattering frequencies, thereby allowing highly repeatable SERS.
Description of the Plasmonic Meta-Surface. A crosssectional schematic of the one-dimensional periodic MIM structure is shown in Figure 1a (a representative SEM micrograph is given in Figure 1b ). MIM elements with relatively thick top metal layers (ca. 50 nm), with widths of 150À200 nm, are repeated with periods of 200 to 300 nm, forming an inter-MIM spacing of 10À80 nm. MIM structures can be viewed as nanoscale planar waveguides, 15 and individual MIM elements have modes confined inside the dielectric region (referred to as waveguide mode). Localized resonances result from the FabryÀPerot (FP)-type resonator formed within the MIM waveguide, terminated at both ends. The propagation wavevector β SPP and effective index n eff = β SPP /k 0 of the fundamental TM mode of a MIM waveguide can be calculated by solving for β SPP in the following equation
where
, and k 0 = 2π/λ is the propagation wave vector in free space for wavelength λ. Typically, β SPP is a complex number, and the real part of β SPP can be used to infer the effective wavelength. Assuming a unity relative magnetic ARTICLE permeability for propagating TM modes inside the MIM waveguide, the effective index (n eff ) can also be used to estimate the impedance of the transmission line, z MIM = 120π/n eff (see Figure 1c) . The propagation constant calculated using eq 1 can be used to estimate the resonances of a FP cavity. The roundtrip phase is written as j(λ) = 2β SPP w þ 2Δj(λ), where 2β SPP w is the phase shift due to propagation, and 2Δj(λ) is the total phase shift acquired upon reflection at the ends of the resonator. A FP resonator exhibits resonances when |1 À R 0 exp ij-(λ)| is a minimum, where R 0 is the magnitude of the reflection coefficient. Using the above formulation, absorption resonances of uncoupled MIM waveguides have been calculated. In general, Δj(λ) may be calculated through the reflection coefficient at the end of the waveguide, taking into account the impedance mismatch between the waveguide mode and free-space modes. 16 Optical properties of arbitrary metallic nanostructures have been commonly analyzed using optical first-principles calculations. Optical properties of simple geometric configurations, on the other hand, can be explained in terms of lumped circuit elements.
17À21
The waveguide perspective is practically adequate, as the experimentally observed optical properties of isolated structures can be well explained using this approach.
22 Figure 1d ,e shows the electric field profiles when such structures are excited at two different wavelengths for a dielectric thickness of 12 nm. Standing wave patterns within the MIM are observed when the surface is excited near its resonances, validating the FP resonator approach (cartoons in Figure 1g show E-field along the structure for various modes in Figure 1dÀf ). In the one-dimensional case, when the dielectric thickness is reduced to zero, the MIM waveguide modes disappear; however, the remaining structure still exhibits a localized mode (Figure 1f ). This remaining vertical cavity mode (referred to as LFP, short for localized FabryÀ Perot) is formed due to FP-type resonance in the vertical metallic cavity between the top metal layers of consecutive MIM regions. 18 The resonance frequency of the LFP can be approximately calculated using lumped models or using the waveguide approach used above. The fundamental resonance of closely spaced MIM structures also have been modeled previously using lumped LC elements. 18, 23 Using such a model, the LFP mode frequency can be approximated by
, where
) is the inductance per unit width (μ is the magnetic permeability, h is the dielectric thickness, and w is the width of the MIM), C e = cε O h/g is the capacitance per unit width due to coupling between MIM top metals (ε is the dielectric constant, h is the dielectric thickness, g is the gap between MIMs, and c is a correction parameter), C m = 0.25ε O εh/g is the capacitance per unit width due to coupling of top metal layer of MIMs to the metallic ground plane. The model ignores resistive losses.
When the areal density of such structures is increased to improve surface coverage, strong coupling of individual structures becomes inevitable, modifying the spectral properties, as well as the band structure.
Coupled Meta-Atoms and Meta-Molecules. The LFP mode can be considered as a light meta-atom, possessing a single energy level (Figure 2a) . Similarly, the MIM structure constitutes a heavy meta-atom, with more than one energy level (Figure 2b ). When the atoms are brought into contact by a coupling mechanism, bands emerge similar to the coupled resonator optical waveguide (CROW). 24 A periodic arrangement of grooves (i.e., LFPs) results in a monatomic crystal (Figure 2c ). In the monatomic case, coupling is primarily through the surface plasmon mode (SPP). Collective excitations in nanoparticle arrays have been previously reported, and for large interparticle spacing, weak coupling occurs through radiative routes. 25À27 On the other hand, when MIMs are arranged in a closely packed periodic fashion, MIM modes and the LFP modes strongly couple due to overlapping modes, rather than due to radiative coupling, resulting in a diatomic crystal ( Figure 2d ). The coupled MIM waveguides could also be viewed to be similar to a resonant guided wave network (RGWN); 28 The angular dependence of coupling to the resonances is best visualized in the band structure of the plasmonic meta-surface. In order to intuitively understand the dependence of the band structure on design parameters, we construct a circuit model, as shown in Figure 2g . The MIM section is modeled using a transmission line, and the LFP is modeled using an LC resonator. A capacitor is used to model the coupling. The onedimensional band structure is calculated by constructing an ABCD matrix for the lumped element model of the unit cell. In order to obtain the band structure, the ratio of the input and output parameters of the ABCD matrix are assumed to be exp(ikΛ) for a given propagation vector k and period Λ. In order to find the resonance frequencies, one needs to solve for ω through
where I is the 2 Â 2 identity matrix. The ABCD matrix of the unit cell is constructed by multiplying ABCD matrices for the transmission line representing the MIM section with ABCD matrices for the lumped elements for coupling and LFP sections of ARTICLE the model. Resistive or radiative losses are ignored in the model. The ABCD matrix for the transmission line section is given by
The coupling capacitor has an impedance of X c = 1/(jωC coupling ). The ABCD matrix for the coupling capacitor is given by
The parallel LC resonator representing the localized FabryÀPerot (LFP) mode has an impedance X LFP given by X LFP = 1/(1/(jωL FP ) þ jωC FP ). The ABCD matrix for the LC resonator representing the mode is given as
The ABCD matrix for the unit cell, ABCD uc , is calculated by multiplying the matrices in correct order, ABCD uc = ABCD TL Â ABCD coupling Â ABCD LFP Â ABCD coupling . The resonance frequencies calculated by the matrix method are shown on top of numerical results in Figure 2e ,f. The model correctly captures the essential features of the numerical results, such as mode frequencies and anticrossing behavior. In order to illustrate the effect of geometric parameters on the optical resonances and show the quasiomni-directional nature of the MCPM, we calculate the bands of several structures, as shown in Figure 3aÀe . The monatomic crystal (no dielectric) is essentially a lamellar grating (cavity depth 50 nm, width 50 nm, period 250 nm), and the LFP mode couples through the SPP to form a CROW-like band ( Figure 3a) . As the dielectric gap is introduced, MIM modes emerge in the reflection spectrum. For a thin dielectric of h = 3 nm, a large number ARTICLE of modes that span the visible spectrum emerge (Figure 3b ). Consecutive bands with odd and even MIM modes show improved absorption at low and high angles due to their symmetry (a similar observation was reported for MIM resonator arrays in the terahertz frequency range 16 ). The band structure, which is calculated by solving eq 2, displays bands that coincide with reflection minima seen in numerical calculations. As the gap is increased to 12 nm (Figure 3cÀe ), the number of bands is reduced. The effect of the surface plasmon mode becomes visible at high frequencies and is included in band structure calculations as a perturbation (see Methods). The coupling of the SPP to the MIM/LFP structure has the effect of pushing and concentrating the bands to around 500 nm at high angles (kΛ/π ∼ 1) in Figure 3aÀe .
RESULTS
The absorption spectra of the surfaces have been recorded at normal incidence using a low numerical aperture (NA = 0.05) objective for both illumination and light collection. The reflection spectra are seen to agree with simulation results for various MIM widths and periods (Figure 4a,b) . Evidence for the quasi-omnidirectional character of the one-dimensional structures can be seen in the high spatial resolution reflection maps shown in Figure 4c (average reflectance for a 10 nm spectral band centered at 550 nm is shown). When the structures are imaged by different numerical aperture lenses (objectives with 20Â, 50Â, and 100Â magnification and respective numerical apertures of 0.4, 0.7, and 0.95), the absorption is seen to be quite independent of the numerical aperture. This is in accordance with the expected quasi-omni-directional character of the band structures around 550 nm.
For most applications in sensing and spectroscopy, the locations with high field enhancements must be exposed to allow for adsorption of molecules. Such regions are present in the MCPM (LFP region and top ARTICLE surface), where the enhancement can be utilized for sensing or Raman spectroscopy. It should be noted that absorption and field enhancement are not necessarily proportional. However, numerical calculations show that if the resistive losses can be ignored, there is a strong correlation between the absorption and field enhancement. Typically, this is the case when the excitation frequency is reasonably below the plasma frequency of the metal and absorption is enhanced primarily due to plasmonic resonances. In our wavelength range of interest (400 nm to NIR), dielectric constant of silver allows this approximation. The MCPM can feature multiple absorption bands (and correlated field enhancement) that cover the entire excitation and scattering wavelengths (for example 250 period, 50 nm top metal, 12 nm dielectric thickness, and 200 nm top metal width). The advantage of the MCPM structures in plasmon-enhanced Raman ARTICLE spectroscopy is demonstrated using Cresyl Violet dye as the example molecule. Using low powers of about 100À300 μW (measured by a placing a photodiode at the sample location in a separate measurement), the Raman spectra are recorded at various locations on the unpatterned MIM substrate (Figure 5a , arrow III) and on the MCMP (Figure 5a , arrows I and II). The unpatterned MIM reference produces little observable Raman or fluorescence signal, whereas the MCPM produces a pronounced enhancement, which is theoretically estimated to be on the order of 5 Â 10 5 to 10
6
. The TM polarized reflectance (10 nm band around 550 nm, Figure 4a ) has a slightly non-uniform spectral response over a distance of about 50 μm, attributed to the exposure nonuniformity during the e-beam lithography. Raman signal map (591 cm À1 peak) collected at the same location is shown in Figure 5b . A spatial non-uniformity is also seen in the Raman signal (Figure 5b ), correlated with ARTICLE the reflectance non-uniformity ( Figure 5a ). As expected, enhancement of the Raman signal is proportional to the absorption within the Raman band wavelength range (Figure 5c,d) . When a longer averaging time of 22 s is used, still the Raman signal is absent on a flat Ag reference surface for the low power level used (Figure 5e ). The fabrication related non-uniformity is insignificant over smaller length scales, and we superimpose the Raman spectra collected from 1600 locations within a 10 μm Â 10 μm square region in Figure 6a . The fluorescence and Raman enhancements are uniformly enhanced (about 10% for fluorescence and about 20% for Raman) over the region, as is seen in the histograms (Figure 6b ) shown for two wavelengths. When the Raman signal is represented as an image map, several defects with submicrometer diameters are clearly resolved as dark spots in the image (Figure 6c ), indicating true highresolution imaging capability using the MCPM (image contrast is enhanced to clarify the dark spots). Discussion of Spatial Uniformity of Enhancement at the Nanoscale. Due to the periodicity of the meta-surface, Raman enhancement appears to be uniform in the far field when the diffraction-limited spot size is larger than the meta-material period. However, it is important to understand the variations of local enhancement factor within a unit cell. We plot the average and maximum enhancement factors for three different geometries, as shown in Figure 7 , for MIM periods of 50, 100, and 250 nm. The averages are taken over rectangular sections over the top surface (10 nm thick slab is chosen), within the LFP region (air gap region between the top metals) and inside the MIM gap, within the dielectric (see Figure 7c inset ). The dielectric gap of the MIM structure does not contribute to the Raman signal since molecules cannot be placed there after fabrication. However, enhancement in this region may be important for other applications; therefore, we plot enhancement factors for this region for convenience. The correlation of EF values for the MIM and LFP regions also demonstrates the coupling of LFP and MIM resonances.
When comparing average and maximum EF of different regions and geometries, it is seen that for smaller structures (50 nm period, 30 nm width, Figure 7a ), a single resonance is present in the wavelength range of interest (532 to 640 nm), and average field enhancements at the top surface are greatly improved compared to 100 nm structures ( Figure 7c ) and 250 nm structures (Figure 7e ). It is also seen that the LFP region has a stronger average enhancement factor as compared to the top surface and MIM gap. The maximum enhancement factors can be relatively large (EF exc ∼ 1000, EF SERS ∼ 10 6 ) for both small and larger periods (Figure 7b,d,f) . From the data, it can be concluded that, despite the apparent uniform enhancement in diffraction-limited far field measurements, enhancements are mostly localized to the LFP region for larger structures. For smaller structures (∼50 nm period), although there is local nonuniformity and the LFP region still contributes the greater portion to the enhanced signal, the average EF values for the top surface and the LFP region have improved ratio, indicating improved uniformity.
CONCLUSIONS
The MCPM features propagation of multiple plasmon modes in the visible range of the spectrum, through direct capacitive coupling or coupling via a localized resonant mode. The simplicity of the MCPM allows fabrication of an ultrathin meta-surface with tailorable bands at wavelengths toward the near-UV. Bandwidths are comparable to thicker wideband absorbers. 29 Due to the quasi-omni-directional coupling of light to the plasmon modes, high spatial resolution SERS imaging is possible. The diffractionlimited spot size is greater than the period of the metamaterial, and plasmonic enhancement of the Raman signal essentially occurs with a unity surface fill factor. High-resolution imaging capability can potentially improve biomolecular sensing. 30, 31 Raman excitation wavelength and scattering wavelengths coincide with different bands. Advancing the analogy of the meta-material with a semiconducting crystal, the Raman transition can be regarded as a photonic transition between two bands, where the transition is accompanied with the release of a phonon. Raman scattering constitutes an example for nonlinear optical phenomena, and in general, the MCPM can find application in cases where enhanced nonlinearity at low optical powers is desirable, such as enhancement of photonic interactions in all-optical classical or quantum information processing. After the e-beam lithography step, 50 nm of silver is deposited on the samples using an e-beam evaporation system. After metal deposition, samples are placed in the 45°C semiconductor grade ethanol for 1 h, which is followed by ultrasonic bath for Optical Measurements. Reflection mapping images are obtained with WITEC Alpha 300S system with white light illumination. Reflection is referenced to unpatterned regions of the surface. A custom-designed reflection setup was used in wideband reflection measurements.
METHODS
Raman Measurements. Samples are immersed in 10 μM Cresyl Violet in ethanol solution for 2 h, rinsed with ethanol several times, and blow-dried with nitrogen. SERS measurements are performed using WITEC Alpha 300S Raman module. A solidstate 532 nm wavelength laser is used for excitation in the Raman measurements. For Raman mapping measurements 20Â, 50Â, and 100Â objectives are used with integration times of 22À40 ms. For single Raman measurements, 20Â objective, 25 s integration time, and a 100 μW excitation power are used.
Simulations. Simulations are done with rigorously coupled wave analysis (RCWA) and FDTD methods. Details of the RCWA method is found in the literature. 32 Field profiles are simulated using a commercial computational tool (Lumerical). Dielectric function of silver is obtained from the literature. Germanium wetting layer is neglected in the simulations. The refractive index of electron-beam-evaporated Al 2 O 3 is measured experimentally using a J.A.Woolam V-VASE ellipsometer, and a constant refractive index of n Al 2 O 3 = 1.6 is used for the Al 2 O 3 dielectric layer. The thickness of supporting Ag is 50À70 nm, and transmission to the silicon substrate is less than 1% of incident light over the visible spectrum; therefore, only reflection is calculated. Absorption is approximated as A = 1 À R. Perfectly matched layer (PML) boundary condition is used in the z-direction, and Bloch boundary condition is used in the x-direction (along the period) of structures. Germanium wetting layer is neglected in the simulations. The mesh size is used in the simulations are 1 nm by 1 nm except the dielectric spacer layer, where 0.25 nm by 1 nm mesh size is used. Field profiles are calculated by illuminating structures with monochromatic plane wave corresponding to resonance wavelengths. The effect of the surface plasmon mode is included in the analytical band structure calculations as a perturbation. This is done by using a generic Lagrangian, which can be used to describe a plasmonic dimer modeled by two capacitively coupled LC resonators L = 1/2L 1 
where L 1 and L 2 are the inductances, Q 1 and Q 2 are the charges, ω 1 and ω 2 are resonance frequencies of individual LC resonators, and M e is the electric coupling. 33 Using the above Lagrangian, for each state (ω MM ,k) of the band diagram and the corresponding SPP mode (ω spp ,k), we calculate perturbed frequencies ω 0 MM and ω 0 spp for the given wave vector k.
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